Abstract-An analysis method for output current ripple of inverter-fed six-phase AC motors is presented in this paper. Based on the analysis method, this paper investigates the optimal phase displacement when PWM inverter is used. The optimal phase displacement is the one that produce minimum current ripple in the harmonic sets for air gap flux production. Based on the analysis, the optimal phase displacement is 60º. This result is supported by experimental results.
INTRODUCTION
An electric motor with number of phase more than three is called multiphase motor. This multiphase motor can be classified into two types, i.e. prime phase and multiple three phase [1] - [3] . Multiple three phase motor can be regarded as the most popular multiphase motor in the practical field because it can be supplied by several conventional three phase inverters. Some of its industrial applications are turbo compressor, elevator, ship propulsion, and railway traction drives [4] [5] [6] [7] [8] [9] .
The stator windings of multiple three phase motors can be configured symmetrically or asymmetrically to obtain some advantages such as minimum stator current ripple and torque ripple. The optimal phase displacement when the motor is fed by using squarewave inverter has been recognized [3] , [10] . The simulation done in [10] showing that the asymmetrical six-phase motor produces lower torque pulsation, lower inverter input current ripple, and lower rotor current ripple, with the consequence of higher stator current ripple. This result has made asymmetrical six-phase motor as the common type of multiphase motor.
Today power semiconductor switching devices can be switched at higher frequency by using pulsewidth modulation (PWM) technique. Many PWM techniques for inverter-fed six-phase motors were proposed. Most of them are still using asymmetrical six-phase motors. The PWM technique that is introduced in [11] still has a significant low order harmonics. This problem is solved when space vector PWM is used [12] - [31] . Until now, however, no work has shown what is the optimal phase displacement of stator windings when the motor is fed by PWM inverter. From the point of view of inverter input current ripple, it has been shown that the optimum phase displacement is 60 o when the motor is fed by a PWM inverter [29] . This paper presents an analysis method for output current ripple of inverter-fed six-phase AC motors. Based on the derived expression, this paper investigates the optimal phase displacement when PWM inverter is used. The optimal phase displacement is the one that produce minimum current ripple in the harmonic sets for air gap flux production. Based on the analysis, the optimal phase displacement is 60º. This result is supported by experimental results.
II. SIX-PHASE INDUCTION MOTOR MODEL
The scheme of six-phase AC drive system under this study is shown in Fig. 1 . It consist of six-phase AC motor and voltage source inverter. The AC motor has two sets of isolated three-phase windings.
Six-phase motor model can be decomposed in three space coordinates, i.e.
, xy, and z1z2. The currents in the coordinate are the currents that produce air gap flux and induce rotor currents. The two neutral points of the motor are isolated, so the currents in z1z2 coordinate are zero. The currents in the xy coordinate are only circulate in the stator and produce losses.
The model of six-phase induction motor in the stationary reference frame are [13] , [14] , [21] , [30] . (8) where is stator resistance, is rotor resistance, is magnetizing inductance, is the rotor speed, and is pole number. The flux linkages are given with the following expressions (9) (10)
( 15) where is stator leakage inductance and is rotor leakage inductance. The stator voltage equations can be represented as
where
If the ripple voltage drop across the stator resistance and rotor flux ripple can be neglected, the current ripples could be expressed as (21)
where , is the ripple, is the actual value and is the reference. can be , , ,
III. ANALYSIS AND MINIMIZATION OF OUTPUT CURRENT RIPPLE
In this paper, it is assumed that the inverter is operated using carrier based sinusoidal PWM technique. In this type of modulation, reference signals are compared to a high frequency triangular carrier signal to produce ON-OFF signals for the inverter switching devices. The sinusoidal reference signals for the inverter are listed in the followings:
Transformation of the reference signals gives [21] 
In (25)- (30) , and are the reference signals for phase of set , is modulation index, , is the inverter fundamental frequency, and is the phase displacement of each three phase set.
Equations ( T0 T1 T2 T3 T4 T5 T6 T6 T5 T4 T3 T2 T1 T0   t0 t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11 t12 t13 The detailed waveforms of the inverter over one carrier period of interval A is shown in Fig. 3 . The ON-OFF actions produce time intervals that are listed in (35)-(41). To evaluate the current ripple, firstly the mean square value of the current ripple over one carrier period in each area should be evaluated [31] .
(42)
After that, it should be integrated over area A, B, and C to determine the average value over one fundamental period. For area A are,
The final current ripples are (50)
(53)
The current ripple in the coordinate is (54)
That is Finally, the total current ripple in stator can be obtained as
When equation (55) is differentiated with respect to , it gives phase displacement of 0° and 60°. Then, differentiated (58) with respect to , also gives phase displacement of 0° and 60°. Equation (55) is plotted in Fig. 4 and (58) is plotted in Fig.  5 . From Fig. 4 it is known that phase displacement of 0° gives maximum output current ripple and it is 60° phase displacement that gives minimum output current ripple in the coordinate. Fig. 5 shows that the phase displacement of 60° has maximum current ripple in the xy coordinate. In the other hand, the phase displacement of 0° does not have current ripple in the xy coordinate. The xy current ripple dominate the current ripple in the stator because the stator leakage inductace is much lower than . As a result, 0° phase displacement produces the lowest stator current ripple and the maximum current ripple is provided by 60° phase displacement. However, in term of current that responsible for torque production, the best phase displacement is 60°.
IV. EXPERIMENTAL RESULTS
The experimental set up was built using six-phase induction motors with phase displacements of 0°, 30°, and 60°. During the experiments, the rotors were locked and the neutral of each three-phase sets are isolated. The symmetrical motor has stator leakage inductance of 0.2 mH, rotor leakage inductance of 4.85 mH and magnetizing inductance of 40 mH. The asymmetrical motor has stator leakage inductance of 0.52 mH, rotor leakage inductance of 4.5 mH and magnetizing inductance of 40 mH. The DC input for the inverter is adjusted constant at 40 V during the experiments. The PWM uses carrier frequency of 1 kHz.
The experimental results for phase displacements of 0°, 30°, and 60° are shown in Figs. 6, 7, and 8 , respectively. The currents of phase a1, a2, and b1 are used as representatives. The modulation index that is used is 1.0. It can be seen from the figures that the minimum stator current ripple is provided by zero phase displacement and the maximum is resulted from 60º phase displacement.
The experimental results with modulation index of 0.3 to 1.0 are shown in Figs. 9-11. From Fig. 9 it is known that the current ripple of zero phase displacement is lower than its prediction. The current ripple in the xy coordinate can be produced because of system unbalances. From Fig. 10 , the agreement between the calculated and experimental results of 30° phase displacement could be appreciated, both in the and xy coordinates. For 60° phase displacement, the agreement in the coordinate could also be apreciated. A significant difference between calculated and measurement results is found in the xy coordinate. However, the measured current ripple is still around the predicted values.
V. CONCLUSION
An analysis method to determine the optimal phase displacement for six-phase motor when it is fed by PWM inverter has been proposed. From the analysis, the phase displacement that produces minimum current ripple for air gap flux production is 60º. However, this phase displacement produce the highest stator current ripple compared to the other phase displacements. Experimental results on six-phase induction motors with phase displacement of 0°, 30º, and 60º have verified the proposed analysis method. 
